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ABSTRACT
We present observations of 12C32S, 12C34S, 13C32S and 12C33S J=2−1 lines toward a large sample of
massive star forming regions by using the Arizona Radio Observatory 12-m telescope and the IRAM 30-
m. Taking new measurements of the carbon 12C/13C ratio, the 32S/34S isotope ratio was determined
from the integrated 13C32S/12C34S line intensity ratios for our sample. Our analysis shows a 32S/34S
gradient from the inner Galaxy out to a galactocentric distance of 12 kpc. An unweighted least-squares
fit to our data yields 32S/34S = (1.56 ± 0.17)DGC + (6.75 ± 1.22) with a correlation coefficient of
0.77. Errors represent 1σ standard deviations. Testing this result by (a) excluding the Galactic center
region, (b) excluding all sources with C34S opacities > 0.25, (c) combining our data and old data
from previous study, and (d) using different sets of carbon isotope ratios leads to the conclusion that
the observed 32S/34S gradient is not an artefact but persists irrespective of the choice of the sample
and carbon isotope data. A gradient with rising 32S/34S values as a function of galactocentric radius
implies that the solar system ratio should be larger than that of the local interstellar medium. With
the new carbon isotope ratios we obtain indeed a local 32S/34S isotope ratio about 10% below the
solar system one, as expected in case of decreasing 32S/34S ratios with time and increased amounts
of stellar processing. However, taking older carbon isotope ratios based on a lesser amount of data,
such a decrease is not seen. No systematic variation of 34S/33S ratios along galactocentric distance
was found. The average value is 5.9 ± 1.5, the error denoting the standard deviation of an individual
measurement.
Keywords: Nuclear reaction, nucleosynthesis, abundance — Galaxy: evolution — ISM: abundance —
ISM: molecules — radio lines: ISM
1. INTRODUCTION
Determining abundance gradients across the Milky
Way Galaxy is a powerful tool to trace its chemical evo-
lution (Milam et al. 2005). Residing in a Galaxy which
formed from inside out, stellar processing is least ad-
vanced in its outskirts and most advanced in its inner
regions, especially in the Central Molecular Zone (Chi-
appini & Mateucci 2001). Measuring isotope ratios as
a function of distance from the Galactic center (DGC),
it is possible to trace back the star formation history
Corresponding author: Jiangshui Zhang
jszhang@gzhu.edu.cn
and/or initial mass function (IMF) along the Galactic
plane with different DGC (Wilson & Rood 1994; Zhang
et al. 2018). Isotopic ratios, such as 12C/13C, 14N/15N,
18O/17O and 32S/34S, are linked to the evolution of stars
with different masses. The isotopic abundances of car-
bon (C), nitrogen (N) and oxygen (O) can provide spe-
cific information on hydrogen burning and helium burn-
ing, including the carbon-nitrogen-oyxgen (CNO) cycle
(Wilson & Matteucci 1992). Sulfur is a powerful tool to
trace the evolution of massive stars in their late stage of
evolution. Sulfur provides, unlike C, N, or O, a total of
four stable isotopes, 32S, 34S, 33S, 36S. Abundance ra-
tios are 95.02 : 4.21 : 0.75 : 0.021 in the solar system
(Anders & Grevesse 1989).
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2CS (carbon monosulfide) is most ubiquitous among
the sulfur bearing molecules in the interstellar medium
(ISM), which makes it the most prominent species to
study sulfur isotopic ratios. For the interstellar medium,
Chin et al. (1996) measured abundance ratios of 24.4 ±
5.0 and 6.27 ± 1.01 (the errors are the standard de-
viation of the mean) for 32S/34S and 34S/33S, respec-
tively. These results, mainly referring to sources with
galactocentric distances close to or slightly inside the
solar circle, are consistent with the solar system values
mentioned above. Mauersberger et al. (1996) measured
34S/36S abundance ratios for the first time in the in-
terstellar medium, obtaining a ratio of 115 ± 17. This
abundance ratio is approximately half the solar system
value. A similarly low value was also found in the late-
type giant IRC+10216 (Mauersberger et al. 2004).
The gradient of Galactic interstellar sulfur isotope ra-
tios proposed by Chin et al. (1996) yielded 32S/34S =
(3.3 ± 0.5)DGC + (4.1 ± 3.1), with DGC here and else-
where in units of kpc. No corresponding systematic
variation of 34S/33S and 34S/36S was found within the
Galactic disk. However, the 32S/34S gradient proposed
by Chin et al. (1996) suffers from small number statis-
tics, in particular for sources in the Galactic center and
far outer Galaxy and a lack of sources from the north-
ern sky. In addition, the distances in previous studies
are mainly derived from kinematic methods, which may
cause large uncertainties, not only for the distance to the
Sun, but also for the distance to the center of the Milky
Way (e.g., Xu et al. 2006). Furthermore, a more accu-
rate value of 12C/13C for each source is desirable to de-
termine the 32S/34S isotope ratio from 13C32S/12C34S.
Therefore, we are performing observations on CS
J=2−1 and some of its rare isotopologues toward a
large sample of massive star forming regions with accu-
rate distance, to measure 32S/34S, 34S/33S and later also
34S/36S ratios and check for possible gradients. Here ob-
servations of 12C32S (hereafter CS), 12C34S (hereafter
C34S), 13C32S (hereafter 13CS) and 12C33S (hereafter
C33S) J=2−1 are presented toward our large sample. In
Sect. 2, the sources selected for our sample and our ob-
servations are introduced. In Section 3, the main results
of our measurements are illustrated. In Sect. 4, we dis-
cuss potential effects that could seriously contaminate
derived isotope ratios. A short summary is presented in
Sect. 5.
2. SOURCE SELECTION AND OBSERVATIONS
2.1. Sample Selection and Distance
During the last decade, masers have been measured
with high angular resolution in more than 100 massive
star forming regions to determine trigonometric paral-
laxes and thus distances as well as proper motions (Reid
et al. 2014, 2019). Among them, 95 sources in the ARO
12-m sky were selected as targets for our measurement of
sulfur isotope ratios. In contrast to the southern sources
observed by Chin et al. (1996), most of these sources are
part of the northern sky. The galactocentric distance of
our targets was calculated from the heliocentric distance
(Roman-Duval et al. 2009):
DGC =
√
(R0 cos(l)− d)2 +R20 sin2(l). (1)
R0 is the distance of the Sun as seen from the Galac-
tic center (R0 = 8.122 ± 0.031 kpc as obtained by the
Gravity Collaboration et al. (2018)), l is the Galactic
longitude and d is the distance of the object from the
Sun as determined from the parallax method (Reid et
al. 2014). The 1σ uncertainty in R0 is with ∼ 0.4%
too small to play a significant role in our study and will
therefore be ignored in the following.
2.2. Observations and Data Reduction
The observations were performed in November and
December 2018 using the Arizona Radio Observatory
12m telescope (ARO 12-m)1 toward 95 massive star
forming regions. 61 of these sources were successfully
detected in all four CS isotopologues, i.e., CS, C34S,
13CS and C33S. A 3 mm Sideband Separating (SBS) Re-
ceiver was employed covering the ALMA band 3 (84 −
116 GHz). Our observations were taken in the standard
position switching mode with an off position 30′ west in
azimuth. The center frequencies were set at 97.980986,
96.412982, 92.494299 and 97.172086 GHz for the CS,
C34S, 13CS and C33S J=2−1 lines (Chin et al. 1996),
respectively; the beam size was ∼ 63′′. The temperature
scale was determined using the chopper wheel method in
units of T ∗A (Calahan et al. 2018). T
∗
A was converted to
main beam brightness temperature by the equation Tmb
= T ∗A/ηb, where ηb is the main beam efficiency, rang-
ing from 0.82 to 0.88, determined from continuum ob-
servations of Jupiter. An ARO Wideband Spectrome-
ter (AROWS) backend was used for these measurements
with channel widths of 156.25 kHz and 78.125 kHz, cor-
responding to ∼ 0.5 and 0.25 km s−1 and associated
bandwidths of 1000 and 500 MHz per polarization, re-
spectively.
Six sources among our sample were also observed by
the IRAM 30-m2 with the EMIR heterodyne receiver
1 The ARO 12-m telescope is currently operated by the Ari-
zona Radio Observatory, at Steward Observatory (University of
Arizona), with partial support from the Research Corporation.
2 The IRAM 30-m is supported by INSU/CNRS (France), MPG
(Germany), and IGN (Spain).
3during June 2016, which can be used to check in how
far different beam sizes affect determined abundance ra-
tios. We applied the λ ∼ 3 mm E090 band to observe the
J=2−1 lines of the CS, C34S, 13CS and C33S isotopo-
logues. A fast Fourier Transform Spectrometer (FTS)
backend in the wide band mode was employed in our
observations, with a spectral resolution of 400 kHz (∼
0.6 km s−1 at 96 GHz). The accuracy of calibration was
± 15%. Because of the large bandwidth available for the
FTS (16 GHz, containing four IF subbands with 4 GHz
each in dual polarization), all CS isotopologues could be
observed simultaneously. A standard position switching
mode was adopted in our observations with an HPBW
of ∼ 25′′. The off-position was set at 30′ in azimuth.
The observed antenna temperature scale T ∗A, calibrated
like the ARO-12m data with a chopper wheel, was con-
verted into main beam brightness temperature Tmb =
T ∗A/ηb, where ηb is the main beam efficiency, ∼ 0.81.
The data reduction was conducted with CLASS from
the GILDAS software package3. The data reduction pro-
cess includes linear baseline subtractions and multiple
Gaussian fitting. The spectra were averaged from mul-
tiple observations including two polarizations for each
transition line.
3. ANALYSIS AND RESULTS
As already mentioned in Sect. 2.2, we have detected
all four CS isotopologues toward 61 of 95 sources from
our ARO 12-m survey. Among those 61 sources, two
sources (G049.48-00.36 and G043.16+00.01) show two
clearly separated velocity components in the spectra of
all four CS isotopologues, a dominant one and a signif-
icantly weaker one. Within the margins of error, the
integrated line intensity ratios between the two veloc-
ity components are the same for the rare isotopologues.
Therefore we used also for these two sources integrated
intensities covering the entire velocity range exhibiting
line emission.
All these spectra are shown in Fig 1. For all spectra,
we subtracted baselines and then performed Gaussian
fits. The resulting fitting parameters are shown in Ta-
bles 1 and 2. For the remaining 34 sources with detec-
tions of less than four isotopologues, spectra are shown
in Fig. 2.
CS is the most abundant isotopologue and is often
slightly saturated in star forming regions (e.g., Linke &
Goldsmith 1980). Thus, 32S/34S abundance ratios can-
not be directly obtained from CS/C34S line intensity ra-
tios. However, with the assumption that C34S and 13CS
are unsaturated, the 32S/34S ratio can be determined
3 http://www.iram.fr/IRAMFR/GILDAS.
from the integrated intensity ratio I(13CS)/I(C34S)
when we have reliable 12C/13C ratios:
32S
34S
∼
12C
13C
I(13C32S)
I(12C34S)
. (2)
Linke & Goldsmith (1980) determined CS J = 2−1 op-
tical depths up to three in massive star forming regions.
From their result, as long as 12C/13C and 32S/34S are
3 (see below), all rare CS isotopologues can be consid-
ered as optically thin (see Sect. 4.4 for a more detailed
discussion).
The latest results analyzing 12C/13C ratios in the
Galactic disk and center region were reported by Yan
et al. (2019). These are based on systematic observa-
tions of K−doublet lines of H2CO and H213CO at C (∼5
GHz) and Ku (∼15 GHz) bands toward a large sample of
Galactic molecular clouds. Through RADEX non−LTE
modelling accounting for radiative transfer effects and
taking reliable distance values from trigonometric par-
allax measurements for a significant percentage (32 %)
of these sources, they obtained a linear fit result of
12C
13C
= (5.08± 1.10)(DGC) + (11.86± 6.60). (3)
Thus, equipped with accurate trigonometric parallax
distances, this new relation can be used here to adopt
proper 12C/13C values and on this basis, with equation
(2), also sulfur isotope ratios for our sources (see Table
3).
The 34S/33S ratio can be determined directly by line
intensity ratios of C34S and C33S with the assumption
(see Sect. 4.4 for more details) that both C34S and C33S
are optically thin:
34S
33S
∼ I(
12C34S)
I(12C33S)
. (4)
Relevant parameters for all 61 sources are listed in Table
3.
4. DISCUSSION
Although the results from our sulfur isotope ratio de-
terminations are more reliable than previous results, due
to a larger sample, trigonometric parallax distances and
newly measured carbon isotope ratios, some not yet suf-
ficiently addressed complications remain that are dis-
cussed below in Sects. 4.1 − 4.4. We then present
our new data which are also being compared to pre-
vious data sets in Sect. 4.5.1, while data in the more
local environment of the Galactic disk are discussed in
Sect. 4.5.2. Conclusions with respect to nucleosynthesis
and the chemical evolution of the Galaxy are outlined
in Sect. 4.5.3.
44.1. Beam Size Effect
As mentioned in Sect.2, 6 sources (G035.19-00.74,
G049.48-00.36, G133.94+01.06, G031.28+00.06, G043.89-
00.78 and G059.78+00.06) were observed by both the
ARO 12-m and IRAM 30-m telescopes, which can be
used to check beam size effects potentially influencing
our abundance ratios. A comparison between the spec-
tra from the ARO 12-m and the IRAM 30-m is shown
in Fig 3. Measured line parameters are given in Ta-
bles 1 and 2. If the scale of our targets is smaller than
the beam size, filling factors are less than unity. So
measured line intensities are diluted. In this case, the
intensity of detected lines has to be adjusted for the
beam dilution effect θ2s/(θ
2
s + θ
2
beam) (ηBD), where θs
and θbeam are source size and beam size, respectively
(Zhang et al. 2017). Thus, brightness temperatures
(TB) of the sources can be derived from the main beam
brightness temperature (Tmb) dilution:
TB =
Tmb
ηBD
= Tmb
θ2s + θ
2
beam
θ2s
. (5)
There are two Tmb values, measured by the IRAM 30-m
and the ARO 12-m with beam sizes of ∼ 25′′ and ∼ 63′′.
Therefore the source size can be estimated by Eq. 5. We
employed CS, C34S, 13CS and C33S line data to estimate
the size of those 6 sources and results are listed in Table
4. Source sizes turn out to be in the range 24′′ to 126′′
and are quite different between estimations from differ-
ent isotopes. To the contrary, the sulfur isotope abun-
dance ratios do not show significant differences between
the ARO 12-m and the IRAM 30-m measurements.
Within the error ranges, the average abundance ratios
determined from the ARO 12-m (17.6 ± 2.7 and 4.9 ±
0.7 for 32S/34S and 34S/33S , respectively) are consis-
tent with those from the IRAM 30-m observations (18.1
± 4.1 and 5.5 ± 0.8; the errors given in this subsection
represent standard deviations for individual sources). In
addition, two sources (Sgr B2, G111.54+00.77 (NGC
7538)) among our sample were also observed by the 7-
m antenna of the Crawford Hill Observatory (Frerking
et al. 1980). The I(13CS)/I(C34S) line intensity ratios
measured by Frerking et al. (1980) yield 0.62 ± 0.04
and 0.43 ± 0.3 with a beam size of ∼ 2.2′, which is also
consistent with our results from the ARO 12-m (0.60 ±
0.03 and 0.38 ± 0.04). Thus, our measurements of sul-
fur isotope ratios are not seriously affected by beam size
effects.
4.2. Hyperfine Structure
13CS and C33S J=2−1 lines are split by hyperfine
interactions and consist of three and eight hyperfine
components encompassing frequency ranges of 0.09 and
9 MHz, respectively (Bogey et al. 1981). For 13CS, the
corresponding velocity range is only 0.3 km s−1. The
central and strongest group of hyperfine components of
C33S J=2−1, including 93% of the emission under con-
ditions of Local Thermodynamic Equilibrium (LTE) in
the optically thin case, is only spread over ± 0.030 MHz
(Bogey et al. 1981). Therefore, the corresponding ve-
locity range is as small as ± 0.09 km s−1. Hyperfine
splitting slightly broadens the lines in the case of 13CS
and C33S J=2−1. For our sources, line widths are typ-
ically in the range of 3 to 7 km s−1, so that significant
line broadening by hyperfine splitting can be neglected
for most cases (see also Sect. 4.4). However, in a few
cases (G005.88, G012.68, G012.80, G012.88, G013.87,
G014.33, G014.63, G028.86, G029.95, G031.28, G045.07,
G079.87, G081.75), we detected the weak C33S J=2−1
hyperfine component at rest frequency 97.174996 GHz.
In these cases, the line intensities from the main and
satellite hyperfine features were added.
4.3. Fractionation
Observed isotope ratios cannot reveal the stellar nu-
cleosynthesis and chemical evolution in case the ratios
are significantly affected by fractionation (Chin et al.
1996). In order to investigate the effect of fractionation
on sulfur isotopes, 32S/34S and 34S/33S ratios are plot-
ted against gas kinetic temperatures, Tk, for different
radial galactocentric bins (Fig. 4). Kinetic tempera-
tures for our sources were derived by Harju et al. (1993),
Schreyer et al. (1996), Molinari et al. (1996), Tieftrunk
et al. (1998), Milam et al. (2005), Dunham et al. (2010),
Hill et al. (2010), Dunham et al. (2011), Urquhart et
al. (2011), Wienen et al. (2012), Ott et al. (2014) and
Svoboda et al. (2016), which were estimated from the
para-NH3 (1, 1) and (2, 2) transitions. No correlations
are found between sulfur isotope ratios and Tk, which
indicates that fractionation is negligible for our targets.
Sulfur isotope ratios are spread over sources with a wide
range of temperatures, around Tk ∼ 20 − 40 K. The en-
ergies of the ground vibrational states between CS and
C34S (C33S and C34S) only differ by 7.5 (4) K. This is
not sufficient to yield significant fractionation in massive
star forming regions with Tk  10 K (Chin et al. 1996).
4.4. Line Saturation
We derive the 32S/34S and 34S/33S isotopic ratios with
the assumption that 13CS, C33S and C34S are unsatu-
rated and show equal excitation temperature. To quan-
tify potential line saturation effects related to CS and
its rarer isotopologues, some details need to be further
discussed.
With the assumption that CS and 13CS share the
same beam filling factor and excitation temperature, the
5maximum optical depth of the main isotopologue CS
(τ(12CS)) can be estimated from:
Tmb(
12CS)
Tmb(13CS)
∼ 1− e
−τ(12CS)
1− e−τ(12CS)/R , R =
12C
13C
. (6)
Likewise, the maximum optical depth of 13CS (τ(13CS))
can be estimated from:
Tmb(
12CS)
Tmb(13CS)
∼ 1− e
−τ(13CS)R
1− e−τ(13CS) , R =
12C
13C
. (7)
As shown in Table 3, the peak τ(12CS) and τ(13CS)
for our targets range from 0.3 to 8.7 and 0.004 to 0.27,
respectively. Thus 13CS is optically thin.
What remains to be analyzed is C34S with line
intensities that are weaker than those of CS but
stronger than those of 13CS. The line intensity ratios
of I(C34S)/I(13CS) and I(C34S)/I(C33S) cannot reflect
the actual abundance ratios provided that C34S is sat-
urated. In this case, the abundance ratios of 32S/34S
and 34S/33S will be overestimated and underestimated,
respectively (see eqs. (2) and (4)).
In the following we use three ways to check for pos-
sible C34S line saturation. Firstly, we compare the
line widths of C34S with those of other rare CS iso-
topologues (Chin et al. 1996). A comparison among
our sources shows: ∆(∆v1/2(C
34S, CS)) = 1.05 ± 0.80
km s−1, ∆(∆v1/2(C34S, 13CS)) = 0.39 ± 0.40 km s−1
and ∆(∆v1/2(C
34S, C33S)) = −0.26 ± 0.86 km s−1
(the errors represent standard deviations for individual
sources). Most of the CS lines (more than 90%) tend
to have higher line widths than other isotopologues in
spite of not being affected by hyperfine splitting. This
indicates that CS is often saturated. However, the line
widths of C34S are mostly similar to those of C33S and
13CS. As already indicated in Sect. 4.2, hyperfine struc-
ture slightly broadens the lines of 13CS and C33S, but
this is negligible for our sample because observed line
widths of several km s−1 are too large to lead to a sig-
nificant effect.
While this analysis shows that saturated C34S J=2−1
lines cannot be common, there is an even stricter
way to quantify our C34S opacities, namely to look
directly for the correlation between line intensity ra-
tios I(C34S)/I(13CS) and I(CS)/I(C34S) (Frerking et
al. 1980). The I(C34S)/I(13CS) line intensity ratios
with smaller I(CS)/I(C34S) would be reduced pro-
vided that the C34S J=2−1 line is optically thick.
As shown in Fig. 5(a), there is no obvious corre-
lation between I(C34S)/I(13CS) and I(CS)/I(C34S).
Also no correlation is found between I(CS)/I(C34S)
and I(C34S)/I(C33S) in Fig. 5(b). It implies that satu-
ration of C34S is not significant for our sample.
Nevertheless, C34S J=2−1 saturation effects cannot
be ruled out in a few particularly opaque sources. There-
fore, the most critical sources have to be addressed in-
dividually. Table 3 indicates that the peak τ(13CS) for
G012.88+00.48 is 0.27. While this implies that 13CS
and the even weaker C33S lines (by typical factors of ∼
2 to 4 relative to 13CS, see Table 1) must be optically
thin, higher line intensities show that the optical depth
of C34S must be > 0.27. Assuming identical beam filling
factors and excitation temperatures, the C34S and 13CS
line intensity ratio can be expressed as:
Tmb(C
34S)
Tmb(13CS)
=
1− e−τ(C34S)
1− e−τ(13CS) . (8)
Thus, with τ(13CS) being known (see eq. (7)), the op-
tical depth of C34S, τ(C34S), can be derived. As shown
in Table 3, τ(C34S) is with 0.63 still well below unity,
which demonstrates that all of our targets are not op-
tically thick in the C34S J=2−1 line. However, in a
few rare instances, intermediate opacities are apparently
reached, which will be further discussed in Sect. 4.5.1.
Another effect to be considered is that line saturation
can enhance the excitation temperature (Tex) with re-
spect to the optically thin limit, which can be estimated
when calculating the statistical equilibrium populations
of the J = 1 and 2 states (Chin et al. 1996). In order
to analyze what kind of T ex enhancements could affect
the CS opacities, we performed calculations by using the
RADEX non-LTE (Local Thermodynamic Equilibrium)
model (Van der Tak et al. 2007) approximation for a
uniform sphere. The collision rates for CS were taken
from Lique et al. (2006). Populations of the 31 first ro-
tational levels of the CS molecule were calculated for
collisions with H2 for temperatures ranging from 10 K
to 300 K. In Fig. 6, we plot the excitation tempera-
ture against the CS J=2−1 optical depth for different
kinetic temperatures (Tk) and particle densities n(H2).
Fig. 6 indicates that T ex is only slightly increased with
increasing optical depth for CS opacities below unity,
while there is a dramatic rise in T ex for opacities well
beyond this value. Our sulfur isotope ratios are derived
from lines with opacities below unity (C34S, 13CS and
C33S). Since we focus exclusively on the rare isotopo-
logues for the isotope ratios, the enhancement of T ex is
not significant.
4.5. Galactic Sulfur Isotope Gradient: Nucleosynthesis
and Chemical Evolution
4.5.1. 32S/34S and 34S/33S across the Galaxy
The 32S/34S isotope ratios of our sample of 61 sources
are plotted as a function of galactocentric distance in
Fig. 7(a). For G049.48-00.36 and G043.16+00.01 with
6two velocity components, we take as mentioned in Sect.
3 their average ratios for our analysis. A strong positive
gradient in 32S/34S along DGC can be found, qualita-
tively confirming the finding of Chin et al. (1996). An
unweighted least-squares linear fit gives
32S/34S = (1.56± 0.17)DGC + (6.75± 1.22) (9)
with a correlation coefficient of 0.77, the errors repre-
senting 1 σ standard deviations. For comparison, the
result of Chin et al. (1996) is also presented. We find
that their ratios tend to be larger than ours, showing
a steeper gradient. Considering the previous 12C/13C
ratios and distance model in the 1980s they have taken
and for self-consistency, here we adopt again the most
recent 12C/13C values (Yan et al. 2019) and distance
model (Reid et al. 2016, 2019) for their data to obtain
new 32S/34S ratios. Both our results and their modi-
fied results are plotted together in Fig. 8. We then find
that their 32S/34S results are consistent with ours, even
though their data are southern sources and thus lack
accurate distances measured with the parallax method.
An unweighted least-squares fit to all 81 data points
then yields
32S/34S = (1.50± 0.17)DGC + (7.90± 1.17) (10)
with a correlation coefficient of 0.71 (Fig. 8).
The sample covers sources both in the southern (Chin
et al. 1996) and northern (this sample) hemisphere,
mostly at galactocentric distances between 2 and 10 kpc.
More data from the outskirts of the Galactic disk would
still be desirable. Furthermore, we only have one source
belonging to the Galactic center region, which is clearly
not sufficient to characterize this important region in-
side the Galactic disk. Finally, while being in qualitative
agreement with Chin et al. (1996), we should neverthe-
less test the reliability of our 32S/34S gradient beyond
the derivation of the above mentioned Pearson correla-
tion coefficient. Since our Galactic center source is an
outlier with respect to its galactocentric distance (Fig.
8), it may have a strong influence onto the overall slope
of our derived linear fit. Therefore an analysis of the disk
sources alone, excluding the Galactic center, is manda-
tory. Is the presence of a gradient then still convincing?
As shown in Fig 8, we also present unweighted least-
squares fits without the Galactic center value for our
data and obtain
32S/34S = (1.57± 0.19)DGC + (6.68± 1.35). (11)
The combination of our data with those of Chin et al.
(1996) yields
32S/34S = (1.48± 0.18)DGC + (8.05± 1.28). (12)
Correlation coefficients are 0.74 and 0.68, respectively.
A comparison of eq.(11) with eq.(9) and of eq.(12) with
eq.(10) demonstrates, that the exclusion of the Galac-
tic center value is not significantly affecting neither the
fitted slopes and intercepts, nor the correlation coeffi-
cients.
In view of the caveats related to C34S J=2−1 line
saturation (see Sect. 4.4), we also selected a subsam-
ple from our data and those of Chin et al. (1996) with
particularly low opacities. Here, 47 sources (this work)
and 7 sources (Chin et al. 1996) with τ(C34S) < 0.25
are selected (see Fig. 9). An unweighted least-squares
fit to the subsample yields:
32S/34S = (1.61± 0.22)DGC + (6.64± 1.69). (13)
with a correlation coefficient of 0.71. Taking out the
Galactic center value, we get
32S/34S = (1.64± 0.26)DGC + (6.48± 1.99). (14)
with a correlation coefficient of 0.67. There is no no-
table difference compared with the fitting of all the data,
which again indicates that line saturation of C34S does
not impact the 32S/34S gradient significantly.
To check another potential bias in our analysis,
32S/34S and 34S/33S abundance ratios are also plot-
ted as a function of distance from the Sun (Fig. 10).
No systematic variation between isotope ratios and dis-
tance is found, which indicates that our sulfur isotope
ratios are not significantly affected by a distance bias.
This complements our result related to the application
of different beam sizes (Sect. 4.1).
To further check the 32S/34S gradient with a different
set of 12C/13C values, we also take the carbon isotope
ratios from Milam et al. (2005), based on old data ob-
tained from CN, C18O and H2CO. We also take their old
distances to compare the results based on the different
molecular species (see Fig 11). Unweighted least-squares
fits in combination with our data and those of Chin et
al. (1996) yield
32S/34S = (1.80± 0.19)DGC + (8.50± 1.35), (15)
32S/34S = (1.52± 0.20)DGC + (11.53± 1.40) (16)
and
32S/34S = (2.25± 0.25)DGC + (11.98± 1.74). (17)
for 12C/13C values from CN, C18O and H2CO, respec-
tively. Correlation coefficients are 0.72, 0.65 and 0.71.
We also performed unweighted least-squares fits to
these data excluding the Galactic center region (see Fig
11). This yields
32S/34S = (1.77± 0.21)DGC + (8.71± 1.47), (18)
732S/34S = (1.51± 0.22)DGC + (11.57± 1.52) (19)
and
32S/34S = (2.22± 0.27)DGC + (12.19± 1.92) (20)
Correlation coefficients are 0.69, 0.62 and 0.68, respec-
tively.
In summary, the fitting results we illustrated above
show that the 32S/34S gradient as a function of galacto-
centric radius also exhibits high correlation coefficients
without the Galactic center value. Furthermore, the gra-
dient persists using different carbon isotope data sets.
It is therefore credible (for additional evidence, see also
Sect. 4.5.2).
For the 34S/33S isotope ratios, our results and those
of Chin et al. (1996) are plotted together against gala-
cocentric distance in Figure 7(b). The scatter is large
and no obvious hint for a 34S/33S gradient can be found
from the two individual data sets as well as from their
combination. The average 34S/33S values of our sample,
including 61 sources, is 5.9 ± 1.5 (the error represents
the standard deviations for individual targets), which
agrees with the value obtained by Chin et al. (1996),
6.27 ± 1.01.
4.5.2. The Local ISM
With the 32S/34S isotope ratio apparently being
smaller in the older and more processed inner regions
of the Galaxy (e.g., Chiappini & Mateucci 2001), we
should be able to measure a related effect also in the
more local environment of the Galactic disk. The solar
system, having an age of about 4.6 Gyr, formed at a
time when the local Galaxy was less enriched by stellar
nucleosynthesis and should thus be characterized by a
higher 32S/34S isotope ratio than the local interstellar
medium, which has also been enriched by stellar ejecta
during the past billions of years.
Considering the gradients presented in eqs.(9) to (14),
based on our data and the carbon isotope ratios of Yan
et al. (2019), we obtain with DGC = 8.122 kpc consis-
tent 32S/34S values in the small range between 19.4 and
20.1. These are lower than the solar system ratio of
22.6 (Sect. 1) by about 10% and are supporting our ex-
pectation of a local 32S/34S ratio decreasing with time.
However, taking instead the carbon isotope ratios from
Milam et al. (2005), we end up with 32S/34S values of
23 to 31, i.e. values that are larger than the solar sys-
tem value. The gradient reported by Chin et al. (1996)
yields 30.9.
Considering only sources near the solar circle, we also
compare the solar system value with targets at galac-
tocentric distances between 6.5 and 9.5 kpc. For the
latter sample, we have 24 sources from this work and 10
sources from Chin et al. (1996). The average distances
are 7.6 kpc and 7.9 kpc for our sample and the com-
bination of our data with those of Chin et al. (1996),
respectively. Furthermore, the sample with τ(C34S) <
0.25 contains 23 sources from this work and 4 sources
from Chin et al. (1996) between 6.5 and 9.5 kpc and
the average galactocentric distance is 7.8. As shown in
Table 5, average 32S/34S values derived from different
sets of 12C/13C values were calculated. Furthermore,
in order to compare the average 32S/34S with the ratio
of the solar system, we also adjust those average values
to a galactocentric distance of 8.122 kpc by using those
gradients obtained from the different samples mentioned
above. By using the carbon isotope ratios of Yan et al.
(2019), we obtain average 32S/34S values in the small
range between 19.1 ± 3.1 and 19.4 ± 3.3, which is con-
sistent with the result obtained directly from the gra-
dient within the error limits. Instead of the subsolar
values, the results derived from the carbon isotope ra-
tios of Milam et al. (2005) with different molecules show
larger values, which are in the range between 22.0 ± 4.9
and 29.2 ± 5.0.
4.5.3. Sulfur Nucleosynthesis and Galactic Chemical
Evolution
32S is a primary isotope, i.e. the stellar production
does not strongly depend on the initial metallicity of the
stellar model (Woosley & Weaver 1995). The synthesis
of 32S is related to oxygen-burning
16O +16 O −→28 Si +4 He,28 Si +4 He −→32 S. (21)
(Woosley & Weaver 1995; Hughes et al. 2008), where
two 16O atoms collide to form 28Si and 4He and these
products subsequently create 32S by nuclear fusion. The
oxygen-burning process includes hydrostatic oxygen-
burning proceeding a type II supernova and explosive
oxygen-burning in type I supernova events. Most of the
32S is created from the former sources which eject ap-
proximately 10 times the amount synthesized in the lat-
ter case and occur about five times more often (Hughes
et al. 2008). 34S is also related to type II and type
I supernovae (Woosley & Weaver 1995). 34S is a by-
product of oxygen burning, which is produced by newly
synthesized 32S and 33S followed by neutron capture.
In this case, 34S is partly a secondary isotope since its
yield increases with increasing metallicity (Hughes et al.
2008).
In view of the “primary” and partially “secondary”
origin of the nuclei, it is reasonable to predict a weak
32S/34S gradient as a function of galactocentric dis-
tance. With the chemical evolution model, Chiappini
& Mateucci (2001) proposed an ‘inside-out’ formation
8scenario of our Galaxy. Thus the timescale for Galac-
tic disk formation and chemical abundance ratios would
form a linear correlation with respect to galactocentric
distance. Hughes et al. (2008) indicated that 32S/34S
abundance ratios tend to decrease with time and pre-
dict a positive radial gradient in 32S/34S, reflecting the
‘inside-out’ Galaxy formation frame. The 32S/34S abun-
dance gradient we determined here (Figs. 7 – 11) is
powerful evidence to support this scenario.
Similar to 32S, 33S is a primary isotope, which is syn-
thesized in explosive oxygen- and neon-burning, related
to massive stars. As mentioned above, 34S is not a
clean primary isotope. Therefore a 34S/33S gradient
can be expected, i.e., the isotope ratio should decrease
with increasing galactocentric distance. However, such
a 34S/33S gradient is not seen, neither in our work nor
in that of Chin et al. (1996) (see Fig. 7(b)).
To summarize, the results we have displayed here pro-
vide an important insight into sulfur nucleosynthesis and
Galactic chemical evolution. However, more data are
still needed to support the 32S/34S gradient. Our sam-
ple only includes one source in the Galactic center and is
devoid of sources in the far outer Galactic disk beyond
the Perseus arm. It would be an extremely interesting
issue to find out whether the sulfur isotopic abundance
in the Galactic center regions and the outermost regions
of the disk follow the 32S/34S gradient reported here or
provide similar 34S/33S values as those deduced for the
galactocentric distances surveyed. Other sulfur isotopic
abundance ratios, such as 32S/36S and 34S/36S, are also
interesting and needed. Such measurements will also be
carried out toward our sample.
5. CONCLUSIONS
Using the ARO 12-m and IRAM 30-m telescope, we
have performed systematic measurements on CS, C34S,
13CS and C33S J=2−1 lines toward 95 sources, detecting
all four lines in 61 of them. The main conclusions in this
work can be summarized as follows:
1. Taking new 12C/13C results and accurate distances
obtained from parallax measurements, 32S/34S isotope
abundance ratios have been determined from integrated
13CS/C34S line intensity ratios. Beam size effects do not
play a role as is indicated by a comparison of ARO 12-m
with IRAM 30-m data.
2. Our RADEX non-LTE model calculations and
analysis of line intensity ratios and line widths show that
our results on isotope ratios are not affected significantly
by optical depth effects.
3. The sources of our sample have been selected
to possess accurate galactocentric distances from the
trigonometric parallax method measuring H2O and
CH3OH masers with very long baseline interferome-
try. A 32S/34S gradient, first suggested by Chin et al.
(1996), is confirmed and determined with higher ac-
curacy, covering sources extending from the Galactic
center out to the Perseus arm. A least squares fit to
our data yields 32S/34S = (1.56 ± 0.17)DGC + (6.75 ±
1.22) with a correlation coefficient of 0.77. Combining
our data from the northern hemisphere with those from
the southern hemisphere (for the latter, see Chin et al.
(1996) and analyzing them in the same way, we obtain
32S/34S = (1.50 ± 0.17)DGC + (7.90 ± 1.17), with a
correlation coefficient of 0.71. More data in the Galac-
tic center and outermost regions of the Galactic disk
are expected to even better confine this gradient or to
constrain its extent.
4. The presence of a positive 32S/34S gradient as
a function of increasing galactocentric radius requires
local interstellar ratios that are smaller than than in
the solar system. This can only be reproduced through
equation (2) if the carbon isotope ratios from Yan et al.
(2019) are taken. Using instead the older carbon isotope
ratios derived from CN, C18O and H2CO as summarized
by Milam et al. (2005) would lead to 32S/34S ratios in
the local ISM which are larger than those in the solar
system. The most likely interpretation of these contra-
dicting results is that the new carbon isotope ratios,
based on a large number of sources and being supported
by parallax measurements providing accurate distances
are superior to the older data.
5. The average 34S/33S ratio derived from our data
is 5.9 ± 1.5, the error denoting the standard deviation
of an individual source. No 34S/33S gradient can be
found in our measurements, which is unexpected con-
sidering current models. Thus, more observational and
theoretical work is still needed. Additional observations
of CS and its isotopomers toward a larger sample, es-
pecially toward sources in the Galactic center region
and the far outer Galactic disk, will determine further
the global Galactic distribution of 32S/36S and 34S/36S,
which would provide additional constraints on oxygen
burning nucleosynthesis models.
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Table 1. Observational parameters of CS and three of its rare isotopologues measured by the ARO 12-m telescope.
Source R.A. Dec Molecule time r.m.s ∆V vLSR ∆v1/2
´
Tmbdv Tmb
(hh:mm:ss) (dd:mm:ss ) (min) (mK) (km s−1) (km s−1) (km s−1) (K km s−1) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
G121.29+00.65 00:36:47.00 63:29:02.20 12CS 32 33 0.48 -17.5 ± 0.01 4.0 ± 0.03 14.41 ± 0.09 3.44
C34S 28 13 0.48 -17.4 ± 0.02 2.5 ± 0.04 1.39 ± 0.03 0.52
13CS 52 12 0.51 -17.4 ± 0.01 2.6 ± 0.10 0.57 ± 0.02 0.21
C33S 32 10 0.96 -16.9 ± 0.14 2.7 ± 0.33 0.25 ± 0.03 0.08
G123.06-06.30 00:52:24.70 +56:33:50.50 12CS 32 12 0.48 -30.6 ± 0.01 4.0 ± 0.02 11.95 ± 0.05 2.79
C34S 12 17 0.48 -30.4 ± 0.05 3.5 ± 0.13 1.25 ± 0.03 0.33
13CS 24 22 0.51 -30.3 ± 0.11 3.0 ± 0.28 0.42 ± 0.03 1.12
C33S 32 4 0.96 -29.9 ± 0.15 2.9 ± 0.39 0.19 ± 0.02 0.06
G133.94+01.06 02:27:03.82 +61:52:25.20 12CS 8 21 0.48 -47.1 ± 0.01 5.1 ± 0.02 31.41 ± 0.08 5.82
C34S 12 17 0.48 -46.7 ± 0.02 4.0 ± 0.04 4.80 ± 0.04 1.13
13CS 20 12 0.51 -46.8 ± 0.03 4.0 ± 0.08 1.86 ± 0.03 0.44
C33S 8 10 0.96 -46.4 ± 0.24 5.4 ± 0.75 0.97 ± 0.07 0.19
G209.00-19.38 05:35:15.80 -05:23:14.10 12CS 24 15 0.48 8.3 ± 0.01 3.7 ± 0.04 31.80 ± 0.25 8.06
C34S 12 22 0.48 8.2 ± 0.02 3.4 ± 0.07 3.44 ± 0.06 0.94
13CS 20 13 0.51 8.1 ± 0.05 3.6 ± 0.12 1.26 ± 0.03 0.33
C33S 24 8 0.96 8.7 ± 0.17 3.8 ± 0.42 0.59 ± 0.04 0.17
G183.72-03.66 05:40:24.23 +23:50:54.70 12CS 52 8 0.48 2.4 ± 0.01 3.5 ± 0.02 7.85 ± 0.04 2.10
C34S 12 23 0.48 2.5 ± 0.04 2.0 ± 0.13 0.60 ± 0.03 0.29
13CS 24 16 0.51 2.0 ± 0.20 4.1 ± 0.64 0.28 ± 0.03 0.07
C33S 52 3 0.96 2.7 ± 0.36 3.7 ± 0.86 0.08 ± 0.02 0.03
G188.94+00.88 06:08:53.35 21:38:28.70 12CS 16 21 0.48 3.4 ± 0.01 3.6 ± 0.01 23.14 ± 0.06 5.98
C34S 24 12 0.48 3.2 ± 0.01 2.9 ± 0.03 2.33 ± 0.02 0.76
13CS 32 12 0.51 3.2 ± 0.03 2.9 ± 0.09 0.76 ± 0.02 0.24
C33S 16 14 0.96 3.9 ± 0.10 2.8 ± 0.23 0.41 ± 0.03 0.14
G188.79+01.03 06:09:06.97 +21:50:41.40 12CS 24 16 0.48 -0.5 ± 0.01 2.9 ± 0.02 9.48 ± 0.04 3.11
C34S 12 15 0.48 -0.3 ± 0.02 2.4 ± 0.05 1.43 ± 0.03 0.57
13CS 20 11 0.51 -0.2 ± 0.06 2.5 ± 0.16 0.46 ± 0.02 0.18
C33S 24 6 0.96 0.5 ± 0.16 2.2 ± 0.40 0.22 ± 0.03 0.09
G192.60-00.04 06:12:54.02 +17:59:23.30 12CS 36 15 0.48 7.4 ± 0.01 2.7 ± 0.02 14.58 ± 0.05 5.15
C34S 12 16 0.48 7.4 ± 0.01 2.3 ± 0.03 3.46 ± 0.03 1.31
13CS 12 11 0.51 7.3 ± 0.02 2.4 ± 0.06 1.22 ± 0.03 0.48
C33S 36 9 0.96 8.0 ± 0.08 2.2 ± 0.18 0.33 ± 0.03 0.16
G236.81+01.98 07:44:28.24 -20:08:30.20 12CS 28 12 0.48 52.5 ± 0.01 3.4 ± 0.03 3.57 ± 0.04 1.00
C34S 16 18 0.48 52.8 ± 0.05 2.1 ± 0.14 0.44 ± 0.03 0.20
13CS 32 17 0.51 52.8 ± 0.16 2.3 ± 0.41 0.16 ± 0.02 0.07
C33S 28 9 0.96 53.5 ± 0.26 2.9 ± 0.75 0.13 ± 0.03 0.04
G005.88-00.39 18:00:30.31 -24:04:04.50 12CS 52 13 0.48 9.4 ± 0.02 5.3 ± 0.06 48.68 ± 0.43 8.60
C34S 8 23 0.48 9.4 ± 0.03 4.6 ± 0.08 7.54 ± 0.10 1.56
13CS 8 43 0.51 9.5 ± 0.05 4.3 ± 0.13 3.14 ± 0.08 0.69
C33S 52 7 0.96 10.2 ± 0.11 5.0 ± 0.36 1.26 ± 0.07 0.23
G009.62+00.19 18:06:14.66 -20:31:31.70 12CS 52 11 0.48 4.7 ± 0.02 7.4 ± 0.06 26.87 ± 0.09 3.44
C34S 8 22 0.48 4.3 ± 0.03 5.6 ± 0.08 5.07 ± 0.06 0.85
13CS 12 27 0.51 4.2 ± 0.07 5.8 ± 0.17 2.34 ± 0.05 0.39
C33S 52 8 0.96 4.8 ± 0.16 6.0 ± 0.56 1.05 ± 0.08 0.15
G010.62-00.38 18:10:28.55 -19:55:48.60 12CS 28 32 0.48 -3.1 ± 0.01 7.3 ± 0.01 65.75 ± 0.05 8.43
C34S 8 21 0.48 -3.0 ± 0.02 6.0 ± 0.04 14.52 ± 0.09 2.29
13CS 8 33 0.51 -2.9 ± 0.03 5.5 ± 0.08 6.11 ± 0.07 1.04
C33S 28 15 0.96 -2.1 ± 0.09 6.4 ± 0.28 2.80 ± 0.10 0.41
G012.88+00.48 18:11:51.00 -17:31:29.00 12CS 36 12 0.48 33.9 ± 0.03 4.8 ± 0.06 8.38 ± 0.08 1.63
C34S 8 20 0.48 33.3 ± 0.03 3.6 ± 0.07 2.92 ± 0.05 0.76
Table 1 continued
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Table 1 (continued)
Source R.A. Dec Molecule time r.m.s ∆V vLSR ∆v1/2
´
Tmbdv Tmb
(hh:mm:ss) (dd:mm:ss ) (min) (mK) (km s−1) (km s−1) (km s−1) (K km s−1) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
13CS 8 42 0.51 33.2 ± 0.06 3.3 ± 0.13 1.38 ± 0.05 0.39
C33S 36 7 0.96 33.9 ± 0.09 3.5 ± 0.21 0.61 ± 0.03 0.16
G012.68-00.18 18:13:54.75 -18:01:46.60 12CS 32 14 0.48 57.8 ± 0.02 3.4 ± 0.04 4.96 ± 0.05 1.38
C34S 8 21 0.48 56.0 ± 0.06 4.3 ± 0.17 1.82 ± 0.05 0.40
13CS 20 18 0.51 55.9 ± 0.08 3.6 ± 0.18 0.82 ± 0.04 0.21
C33S 32 7 0.96 56.4 ± 0.14 3.0 ± 0.29 0.33 ± 0.03 0.10
G011.91-00.61 18:13:58.12 -18:54:20.30 12CS 32 15 0.48 35.9 ± 0.07 10.5 ± 0.15 12.56 ± 0.15 1.43
C34S 8 24 0.48 36.5 ± 0.12 5.6 ± 0.28 1.64 ± 0.07 2.68
13CS 20 22 0.51 36.9 ± 0.15 4.6 ± 0.43 0.64 ± 0.04 0.13
C33S 32 5 0.96 36.5 ± 0.50 7.6 ± 1.39 0.45 ± 0.05 0.04
G012.80-00.20 18:14:14.23 -17:55:40.50 12CS 32 33 0.48 35.7 ± 0.01 7.1 ± 0.01 80.72 ± 0.14 10.64
C34S 8 24 0.48 35.7 ± 0.01 5.5 ± 0.03 16.25 ± 0.06 2.75
13CS 12 28 0.51 35.6 ± 0.02 4.9 ± 0.05 6.77 ± 0.06 1.30
C33S 32 14 0.96 36.3 ± 0.04 5.5 ± 0.12 2.96 ± 0.08 0.50
G012.90-00.26 18:14:39.57 -17:52:00.04 12CS 64 10 0.48 34.7 ± 0.02 8.4 ± 0.06 13.18 ± 0.08 1.47
C34S 16 16 0.48 34.5 ± 0.07 6.7 ± 0.20 2.20 ± 0.05 0.31
13CS 16 10 0.51 34.8 ± 0.19 5.8 ± 0.43 0.65 ± 0.04 0.11
C33S 64 6 0.96 35.2 ± 0.35 6.3 ± 0.89 0.26 ± 0.03 0.04
G013.87+00.28 18:14:35.83 -16:45:35.90: 12CS 32 13 0.48 49.2 ± 0.01 4.8 ± 0.02 12.23 ± 0.04 2.40
C34S 8 23 0.48 48.8 ± 0.03 3.0 ± 0.08 2.60 ± 0.05 0.77
13CS 20 26 0.51 48.9 ± 0.05 2.6 ± 0.11 1.09 ± 0.04 0.37
C33S 32 11 0.96 49.4 ± 0.06 2.8 ± 0.15 0.56 ± 0.03 0.18
G011.49-01.48 18:16:22.00 -19:41:27.20 12CS 32 14 0.48 10.7 ± 0.02 3.1 ± 0.04 7.24 ± 0.08 2.22
C34S 8 24 0.48 10.7 ± 0.09 2.5 ± 0.24 0.64 ± 0.04 0.22
13CS 20 22 0.51 11.0 ± 0.13 1.6 ± 0.37 0.17 ± 0.03 0.09
C33S 32 8 0.96 11.8 ± 0.78 2.5 ± 0.68 0.38 ± 0.02 0.04
G014.33-00.64 18:18:54.67 -16:47:50.30 12CS 24 11 0.48 22.7 ± 0.03 5.7 ± 0.07 15.59 ± 0.14 2.55
C34S 12 15 0.48 22.2 ± 0.02 2.9 ± 0.04 3.19 ± 0.04 0.98
13CS 20 36 0.51 22.1 ± 0.06 2.6 ± 0.15 1.17 ± 0.05 0.38
C33S 24 9 0.96 22.8 ± 0.07 2.8 ± 0.18 0.57 ± 0.03 1.90
G014.63-00.57 18:19:15.54 -16:29:45.80 12CS 24 10 0.48 18.6 ± 0.01 4.4 ± 0.02 11.45 ± 0.06 2.45
C34S 8 21 0.48 18.6 ± 0.04 2.8 ± 0.09 1.48 ± 0.04 0.49
13CS 12 43 0.51 18.5 ± 0.15 2.8 ± 0.36 0.58 ± 0.06 0.20
C33S 24 10 0.96 18.7 ± 0.22 3.9 ± 0.59 0.33 ± 0.04 0.08
G016.58-00.05 18:21:09.08 -14:31:48.80 12CS 24 16 0.48 59.4 ± 0.02 3.4 ± 0.05 10.52 ± 0.13 2.93
C34S 8 10 0.48 59.5 ± 0.04 3.1 ± 0.09 2.04 ± 0.05 0.61
13CS 24 22 0.51 59.4 ± 0.09 3.3 ± 0.22 0.71 ± 0.04 0.20
C33S 24 35 0.96 60.1 ± 0.19 3.9 ± 0.52 0.34 ± 0.04 0.08
G023.43-00.18 18:34:39.29 -08:31:25.40 12CS 32 14 0.48 102.6 ± 0.02 6.7 ± 0.52 8.37 ± 0.12 1.18
C34S 20 23 0.48 101.6 ± 0.06 6.7 ± 0.17 2.48 ± 0.05 0.35
13CS 24 15 0.51 101.7 ± 0.16 6.6 ± 0.47 0.93 ± 0.05 0.15
C33S 32 6 0.96 102.1 ± 0.33 7.6 ± 1.15 0.45 ± 0.05 0.06
G027.36-00.16 18:41:51.06 -05:01:43.40 12CS 32 12 0.48 91.9 ± 0.02 4.8 ± 0.06 13.91 ± 0.13 2.71
C34S 20 8 0.48 92.3 ± 0.04 4.3 ± 0.10 1.90 ± 0.04 0.42
13CS 24 17 0.51 92.3 ± 0.11 4.5 ± 0.30 0.67 ± 0.04 0.14
C33S 32 21 0.96 93.3 ± 0.31 6.2 ± 0.86 0.41 ± 0.04 0.06
G028.86+00.06 18:43:46.22 -03:35:29.60 12CS 32 23 0.48 103.7 ± 0.02 4.4 ± 0.06 9.01 ± 0.10 1.94
C34S 20 17 0.48 103.4 ± 0.03 3.5 ± 0.08 1.97 ± 0.04 0.53
13CS 24 18 0.51 103.4 ± 0.06 3.5 ± 0.17 0.84 ± 0.03 0.23
C33S 32 7 0.96 104.0 ± 0.18 3.9 ± 0.45 0.32 ± 0.03 0.08
G029.86-00.04 18:45:59.57 -02:45:06.70 12CS 32 15 0.48 101.2 ± 0.01 4.2 ± 0.03 9.89 ± 0.06 2.23
C34S 20 20 0.48 101.0 ± 0.05 3.8 ± 0.11 1.28 ± 0.03 0.31
Table 1 continued
12
Table 1 (continued)
Source R.A. Dec Molecule time r.m.s ∆V vLSR ∆v1/2
´
Tmbdv Tmb
(hh:mm:ss) (dd:mm:ss ) (min) (mK) (km s−1) (km s−1) (km s−1) (K km s−1) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
13CS 24 13 0.51 100.8 ± 0.12 3.6 ± 0.29 0.39 ± 0.03 0.10
C33S 32 8 0.96 102.2 ± 0.63 4.9 ± 0.89 0.16 ± 0.04 0.03
G029.95-00.01 18:46:03.74 -02:39:22.30: 12CS 56 8 0.48 97.6 ± 0.01 4.5 ± 0.02 22.90 ± 0.08 4.81
C34S 8 18 0.48 97.8 ± 0.02 3.9 ± 0.05 5.08 ± 0.06 1.21
13CS 8 24 0.51 97.8 ± 0.03 3.9 ± 0.08 2.17 ± 0.04 0.52
C33S 56 7 0.96 98.5 ± 0.06 4.0 ± 0.15 0.89 ± 0.03 0.21
G031.28+00.06 18:48:12.39 -01:26:30.70 12CS 56 18 0.48 108.8 ± 0.02 7.2 ± 0.04 12.62 ± 0.06 1.64
C34S 8 23 0.48 108.8 ± 0.04 4.7 ± 0.10 2.86 ± 0.05 0.57
13CS 32 10 0.51 108.7 ± 0.04 4.3 ± 0.09 1.12 ± 0.02 0.25
C33S 56 8 0.96 109.6 ± 0.10 3.9 ± 0.26 0.46 ± 0.03 0.11
G031.58+00.07 18:48:41.68 -01:09:59.00 12CS 32 15 0.48 96.1 ± 0.02 4.3 ± 0.04 7.50 ± 0.06 1.62
C34S 20 19 0.48 96.0 ± 0.03 3.2 ± 0.08 1.44 ± 0.03 0.42
13CS 24 18 0.51 96.2 ± 0.10 3.2 ± 0.23 0.54 ± 0.03 0.16
C33S 32 9 0.96 96.5 ± 0.21 3.5 ± 0.61 0.25 ± 0.03 0.07
G032.04+00.05 18:49:36.58 -00:45:47 12CS 32 13 0.48 94.6 ± 0.02 6.0 ± 0.05 12.91 ± 0.08 2.01
C34S 12 18 0.48 95.3 ± 0.07 5.1 ± 0.19 1.56 ± 0.05 0.29
13CS 32 15 0.51 94.9 ± 0.09 5.5 ± 0.24 0.67 ± 0.02 0.11
C33S 32 7 0.96 95.4 ± 0.28 3.5 ± 0.73 0.18 ± 0.03 0.05
G034.39+00.22 18:53:19.00 01:24:08.80 12CS 56 13 0.48 57.3 ± 0.02 5.2 ± 0.00 11.41 ± 0.07 2.05
C34S 12 19 0.48 57.3 ± 0.05 4.2 ± 0.13 1.64 ± 0.04 0.37
13CS 32 14 0.51 57.4 ± 0.06 3.9 ± 0.16 0.68 ± 0.02 0.16
C33S 56 7 0.96 58.1 ± 0.26 3.7 ± 0.63 0.18 ± 0.03 0.05
G035.02+00.34 18:54:00.67 +02:01:19.20 12CS 8 21 0.48 53.3 ± 0.01 4.2 ± 0.04 10.39 ± 0.07 2.32
C34S 20 20 0.48 52.9 ± 0.03 3.5 ± 0.06 1.85 ± 0.03 0.50
13CS 24 21 0.51 52.9 ± 0.12 3.5 ± 0.34 0.64 ± 0.05 0.17
C33S 8 9 0.96 53.5 ± 0.25 3.8 ± 0.55 0.34 ± 0.05 0.08
G037.43+01.51 18:54:14.35 +04:41:41.70 12CS 32 13 0.48 44.1 ± 0.01 3.3 ± 0.01 13.18 ± 0.04 3.73
C34S 20 18 0.48 44.1 ± 0.03 2.8 ± 0.07 1.19 ± 0.03 0.39
13CS 24 14 0.51 44.0 ± 0.08 2.8 ± 0.19 0.41 ± 0.02 0.14
C33S 32 6 0.96 44.8 ± 0.29 3.3 ± 0.66 0.15 ± 0.03 0.04
G035.19-00.74 18:58:13.05 +01:40:35.70 12CS 8 24 0.48 34.7 ± 0.01 7.7 ± 0.03 22.81 ± 0.08 5.42
C34S 20 19 0.48 34.2 ± 0.03 4.9 ± 0.07 2.91 ± 0.04 0.56
13CS 24 15 0.51 34.2 ± 0.06 4.8 ± 0.15 1.22 ± 0.03 0.24
C33S 8 13 0.96 34.7 ± 0.33 5.4 ± 0.97 0.55 ± 0.07 0.10
G035.20-01.73 19:01:45.54 +01:13:32.50 12CS 8 23 0.48 43.2 ± 0.01 5.3 ± 0.02 19.83 ± 0.08 3.51
C34S 20 17 0.48 43.5 ± 0.02 4.3 ± 0.05 2.72 ± 0.03 0.59
13CS 24 16 0.51 43.6 ± 0.05 4.3 ± 0.13 1.11 ± 0.03 0.24
C33S 8 14 0.96 44.4 ± 0.33 4.3 ± 0.95 0.43 ± 0.07 0.09
G043.16+00.01 19:10:13.00 +09:06:12.80 12CS 44 14 0.48 11.9 ± 0.04 7.5 ± 0.07 36.12 ± 0.65 4.53
3.6 ± 0.05 8.5 ± 0.08 27.25 ± 0.34 3.01
C34S 8 18 0.48 12.2 ± 0.07 6.8 ± 0.15 5.39 ± 0.13 0.75
3.6 ± 0.14 7.2 ± 0.32 2.52 ± 0.11 0.33
13CS 32 9 0.51 12.3 ± 0.05 6.2 ± 1.01 1.86 ± 0.07 0.28
3.5 ± 0.10 6.8 ± 0.26 0.95 ± 0.03 0.13
C33S 44 6 0.96 12.7 ± 0.15 7.9 ± 0.51 1.20 ± 0.06 0.14
3.0 ± 0.17 6.9 ± 0.44 0.60 ± 0.04 0.08
G043.79-00.12 19:11:53.99 +09:35:50.30: 12CS 44 12 0.48 44.2 ± 0.01 6.5 ± 0.02 11.48 ± 0.04 1.66
C34S 12 16 0.48 44.0 ± 0.08 5.8 ± 0.19 1.64 ± 0.05 0.27
13CS 32 9 0.51 44.0 ± 0.09 5.0 ± 0.19 0.60 ± 0.02 0.11
C33S 44 5 0.96 44.5 ± 0.29 6.5 ± 0.75 0.32 ± 0.03 0.05
G045.07+00.13 19:13:22.04 +10:50:53.30 12CS 32 13 0.48 59.1 ± 0.02 5.5 ± 0.05 13.35 ± 0.10 2.29
C34S 20 18 0.48 59.3 ± 0.04 5.1 ± 0.11 2.02 ± 0.03 0.37
Table 1 continued
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Table 1 (continued)
Source R.A. Dec Molecule time r.m.s ∆V vLSR ∆v1/2
´
Tmbdv Tmb
(hh:mm:ss) (dd:mm:ss ) (min) (mK) (km s−1) (km s−1) (km s−1) (K km s−1) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
13CS 24 20 0.51 59.1 ± 0.13 5.8 ± 0.41 0.98 ± 0.05 0.16
C33S 32 7 0.96 59.9 ± 0.21 4.2 ± 0.51 0.29 ± 0.03 0.07
G045.45+00.05 19:14:21.27 +11:09:15.90 12CS 56 12 0.48 58.7 ± 0.01 5.5 ± 0.03 10.07 ± 0.04 1.71
C34S 20 17 0.48 58.6 ± 0.05 4.4 ± 0.13 1.29 ± 0.03 0.27
13CS 24 14 0.51 58.5 ± 0.13 4.6 ± 0.42 0.49 ± 0.03 0.10
C33S 56 6 0.96 59.6 ± 0.33 5.5 ± 0.78 0.22 ± 0.03 0.04
G043.89-00.78 19:14:26.39 +09:22:36.50 12CS 44 10 0.48 54.2 ± 0.02 6.5 ± 0.06 7.74 ± 0.05 1.12
C34S 16 13 0.48 54.6 ± 0.10 4.6 ± 0.29 0.78 ± 0.04 0.16
13CS 32 15 0.51 54.7 ± 0.14 3.4 ± 0.36 0.23 ± 0.02 0.06
C33S 44 10 0.96 54.8 ± 0.31 3.6 ± 0.60 0.14 ± 0.02 0.04
G048.60+00.02 19:20:31.18 +13:55:25.20 12CS 48 13 0.48 18.3 ± 0.01 4.9 ± 0.03 8.10 ± 0.04 1.56
C34S 20 17 0.48 18.3 ± 0.07 4.1 ± 0.17 0.89 ± 0.03 0.20
13CS 24 15 0.51 17.8 ± 0.20 5.1 ± 0.58 0.40 ± 0.02 0.07
C33S 48 6 0.96 18.6 ± 0.30 4.1 ± 0.69 0.17 ± 0.03 0.04
G049.48-00.36 19:23:39.82 14:31:05.00 12CS 38 8 0.48 61.4 ± 0.01 8.1 ± 0.01 73.28 ± 0.07 8.54
50.4 ± 0.48 3.9 ± 0.48 8.21 ± 0.65 1.95
C34S 16 13 0.48 61.6 ± 0.03 7.1 ± 0.07 9.63 ± 0.07 1.26
50.7 ± 0.10 4.6 ± 0.24 1.45 ± 0.23 0.30
13CS 20 9 0.51 61.8 ± 0.03 7.2 ± 0.07 3.86 ± 0.03 0.50
50.5 ± 0.13 4.8 ± 0.30 0.48 ± 0.08 0.10
C33S 38 6 0.96 62.4 ± 0.10 9.9 ± 0.24 2.15 ± 0.05 0.20
51.3 ± 0.13 5.0 ± 0.31 0.39 ± 0.02 0.07
G049.48-00.38 19:23:43.87 +14:30:29.50 12CS 38 14 0.48 57.1 ± 0.01 10.6 ± 0.02 107.25 ± 0.12 9.44
C34S 16 14 0.48 57.3 ± 0.02 9.6 ± 0.04 20.01 ± 0.05 1.96
13CS 20 14 0.51 57.1 ± 0.03 9.8 ± 0.07 8.96 ± 0.05 0.86
C33S 38 10 0.96 57.5 ± 0.11 11.9 ± 0.30 4.89 ± 0.09 0.34
G059.78+00.06 19:43:11.25 +23:44:03.30 12CS 32 13 0.48 22.8 ± 0.01 2.8 ± 0.02 11.65 ± 0.05 3.91
C34S 8 32 0.48 22.8 ± 0.02 2.0 ± 0.06 1.66 ± 0.03 0.75
13CS 24 18 0.51 22.9 ± 0.04 2.3 ± 0.10 0.68 ± 0.02 0.27
C33S 32 11 0.96 23.6 ± 0.09 2.1 ± 0.22 0.26 ± 0.02 0.12
G069.54-00.97 20:10:09.07 31:31:36.00 12CS 44 8 0.48 11.7 ± 0.01 5.4 ± 0.03 13.73 ± 0.05 2.40
C34S 16 16 0.48 11.2 ± 0.06 4.8 ± 0.16 1.90 ± 0.04 0.37
13CS 24 27 0.51 11.3 ± 0.12 3.6 ± 0.27 0.62 ± 0.04 0.16
C33S 44 5 0.96 11.9 ± 0.16 3.4 ± 0.31 0.21 ± 0.02 0.06
G078.12+03.63 20:14:26.07 +41:13:32.70 12CS 88 7 0.48 -3.4 ± 0.01 3.2 ± 0.03 7.68 ± 0.05 2.29
C34S 8 32 0.48 -3.6 ± 0.11 2.8 ± 0.26 0.57 ± 0.04 0.19
13CS 24 22 0.51 -4.0 ± 0.36 3.7 ± 0.42 0.17 ± 0.04 0.05
C33S 88 3 0.96 -3.0 ± 0.20 2.9 ± 0.56 0.08 ± 0.01 0.03
G075.76+00.33 20:21:41.09 +37:25:29.30 12CS 88 7 0.48 -1.1 ± 0.01 5.3 ± 0.02 22.59 ± 0.08 4.01
C34S 8 32 0.48 -1.1 ± 0.03 3.8 ± 0.08 2.78 ± 0.05 0.69
13CS 24 20 0.51 -1.0 ± 0.06 3.4 ± 0.13 0.92 ± 0.03 0.25
C33S 88 4 0.96 -0.5 ± 0.10 3.7 ± 0.27 0.40 ± 0.02 0.10
G075.78+00.34 20:21:44.01 37:26:37.50 12CS 44 11 0.48 0.3 ± 0.02 4.7 ± 0.05 16.93 ± 0.15 3.36
C34S 24 24 0.48 0.1 ± 0.02 3.8 ± 0.08 2.52 ± 0.03 0.63
13CS 24 29 0.51 0.1 ± 0.11 3.9 ± 0.28 0.85 ± 0.04 0.20
C33S 44 6 0.96 0.9 ± 0.14 4.1 ± 0.49 0.42 ± 0.03 0.10
G074.03-01.71 20:25:07.11 +34:49:57.60 12CS 8 31 0.48 5.9 ± 0.01 3.8 ± 0.03 10.83 ± 0.08 2.65
C34S 8 16 0.48 6.2 ± 0.04 2.5 ± 0.09 1.21 ± 0.04 0.46
13CS 24 15 0.51 6.1 ± 0.08 3.1 ± 0.19 0.55 ± 0.03 0.16
C33S 8 31 0.96 6.8 ± 0.13 1.8 ± 0.27 0.24 ± 0.04 0.13
G078.88+00.70 20:29:24.82 +40:11:19.60 12CS 88 6 0.48 -5.9 ± 0.01 3.9 ± 0.04 15.21 ± 0.09 3.68
C34S 20 19 0.48 -6.0 ± 0.02 3.0 ± 0.06 1.64 ± 0.03 0.51
Table 1 continued
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Table 1 (continued)
Source R.A. Dec Molecule time r.m.s ∆V vLSR ∆v1/2
´
Tmbdv Tmb
(hh:mm:ss) (dd:mm:ss ) (min) (mK) (km s−1) (km s−1) (km s−1) (K km s−1) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
13CS 24 24 0.51 -6.0 ± 0.18 3.2 ± 0.30 0.48 ± 0.04 0.14
C33S 88 5 0.96 -5.5 ± 0.12 3.9 ± 0.35 0.32 ± 0.02 0.08
G079.87+01.17 20:30:29.14 +41:15:53.60 12CS 40 10 0.48 -3.8 ± 0.00 3.3 ± 0.01 10.92 ± 0.02 3.09
C34S 20 18 0.48 -3.8 ± 0.03 2.9 ± 0.07 1.33 ± 0.02 0.43
13CS 24 16 0.51 -3.9 ± 0.07 3.1 ± 0.19 0.51 ± 0.03 0.16
C33S 40 4 0.96 -3.3 ± 0.12 3.2 ± 0.28 0.22 ± 0.02 0.07
G080.86+00.38 20:37:00.96 +41:34:55.70 12CS 64 8 0.48 -1.3 ± 0.01 3.1 ± 0.03 7.04 ± 0.06 2.16
C34S 20 16 0.48 -1.4 ± 0.05 2.8 ± 0.11 0.74 ± 0.02 0.24
13CS 24 20 0.51 -1.5 ± 0.17 3.0 ± 0.39 0.25 ± 0.03 0.08
C33S 64 4 0.96 -0.6 ± 0.16 2.5 ± 0.33 0.12 ± 0.01 0.04
G081.87+00.78 20:38:36.43 +42:37:34.80 12CS 8 28 0.48 9.8 ± 0.01 4.7 ± 0.03 34.71 ± 0.17 7.02
C34S 20 22 0.48 9.7 ± 0.01 3.4 ± 0.03 4.37 ± 0.03 1.21
13CS 24 16 0.51 9.6 ± 0.03 3.2 ± 0.07 1.51 ± 0.02 0.45
C33S 8 19 0.96 10.4 ± 0.16 3.7 ± 0.42 0.75 ± 0.07 0.19
G081.75+00.59 20:39:01.99 42:24:59.30 12CS 56 8 0.48 -3.9 ± 0.01 4.0 ± 0.02 22.85 ± 0.10 5.38
C34S 36 14 0.48 -3.8 ± 0.01 2.7 ± 0.02 3.16 ± 0.02 1.09
13CS 44 19 0.51 -3.7 ± 0.03 2.6 ± 0.08 0.98 ± 0.02 0.35
C33S 56 4 0.96 -3.2 ± 0.08 2.9 ± 0.19 0.50 ± 0.03 0.16
G092.67+03.07 21:09:21.73 +52:22:37.10 12CS 64 8 0.48 -6.2 ± 0.01 2.8 ± 0.02 12.07 ± 0.05 4.11
C34S 20 20 0.48 -6.0 ± 0.02 2.5 ± 0.05 1.45 ± 0.03 0.55
13CS 24 22 0.51 -6.1 ± 0.10 2.6 ± 0.27 0.42 ± 0.04 0.15
C33S 64 5 0.96 -5.4 ± 0.10 2.6 ± 0.23 0.22 ± 0.02 0.08
G097.53+03.18 21:32:12.43 55:53:49.70 12CS 44 9 0.48 -71.0 ± 0.05 5.9 ± 0.10 5.11 ± 0.09 0.82
C34S 28 5 0.48 -72.9 ± 0.12 5.9 ± 0.27 0.79 ± 0.03 0.12
13CS 32 17 0.51 -70.7 ± 0.28 4.8 ± 0.70 0.25 ± 0.03 0.05
C33S 44 19 0.96 -69.9 ± 0.35 5.7 ± 1.09 0.19 ± 0.03 0.03
G108.59+00.49 22:52:38.30 60:00:52.00 12CS 32 30 0.48 -51.2 ± 0.01 3.4 ± 0.04 8.26 ± 0.07 2.28
C34S 28 20 0.48 -51.5 ± 0.06 3.2 ± 0.15 0.70 ± 0.03 0.21
13CS 52 10 0.51 -51.1 ± 0.10 2.9 ± 0.26 0.19 ± 0.02 0.06
C33S 32 9 0.96 -50.7 ± 0.58 4.3 ± 1.03 0.12 ± 0.03 0.03
G109.87+02.11 22:56:18.00 +62:01:49.50 12CS 8 23 0.48 -10.6 ± 0.01 4.9 ± 0.03 20.93 ± 0.07 4.03
C34S 20 17 0.48 -10.3 ± 0.03 3.4 ± 0.06 2.11 ± 0.03 0.57
13CS 24 15 0.51 -10.4 ± 0.07 3.3 ± 0.16 0.62 ± 0.03 0.18
C33S 8 14 0.96 -9.7 ± 0.23 3.8 ± 0.67 0.40 ± 0.06 0.10
G111.54+00.77 23:13:45.00 +61:28:10.60 12CS 8 24 0.48 -57.1 ± 0.01 4.6 ± 0.03 36.33 ± 0.21 7.34
C34S 20 22 0.48 -57.1 ± 0.02 3.8 ± 0.04 4.32 ± 0.04 1.07
13CS 16 23 0.51 -57.2 ± 0.04 3.7 ± 0.10 1.63 ± 0.03 0.42
C33S 8 15 0.96 -56.4 ± 0.15 3.5 ± 0.38 0.75 ± 0.07 0.20
G111.25-00.76 23:16:10.00 59:55:28.50 12CS 32 14 0.48 -44.4 ± 0.02 3.6 ± 0.04 6.20 ± 0.05 1.59
C34S 28 5 0.48 -44.1 ± 0.06 2.5 ± 0.13 0.42 ± 0.02 0.16
13CS 52 14 0.51 -44.6 ± 0.12 3.4 ± 0.36 0.23 ± 0.02 0.06
C33S 32 14 0.96 -44.0 ± 0.61 1.9 ± 0.31 0.07 ± 0.02 0.03
SGRB2 17:47:27.82 -28:23:10.4 12CS 32 26 0.48 58.2 ± 0.15 58.6 ± 0.39 76.71 ± 0.32 2.85
C34S 8 14 0.48 47.9 ± 0.21 39.8 ± 0.57 15.06 ± 0.17 0.36
13CS 20 13 0.51 50.0 ± 0.26 36.4 ± 0.64 8.99 ± 0.13 0.23
C33S 32 10 0.96 52.0 ± 0.51 40.5 ± 1.35 3.29 ± 0.08 0.08
Note—Column(1): Source name; column(2): Right ascension (J2000); column(3): Declination(J2000); column(4): Molecular species; column(5):
Integration time; column(6): The Root-Mean-Square (rms) noise value; column(7): Corresponding channel width; column(8): LSR velocity;
column(9): Linewidth (FWHM); column(10): Integrated line intensity; column(11): Peak Tmb value.
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Table 2. Observational parameters of CS and three of its rare isotopologues measured by the IRAM 30-m telescope.
Source R.A. Dec Molecule time r.m.s ∆V vLSR ∆v1/2
´
Tmbdv Tmb
(hh:mm:ss) (dd:mm:ss) (min) (mK) (km s−1) (km s−1) (km s−1) (K km s−1) (K)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
G035.19-00.74 18 58 12.62 +01 40 50.5 12CS 18 17 0.60 33.6 ± 0.12 6.84 ± 0.09 28.15 ± 0.33 3.59
C34S 18 29 0.60 33.7 ± 0.11 4.06 ± 0.13 4.33 ± 0.12 1.00
13CS 18 16 0.60 33.6 ± 0.10 3.77 ± 0.13 1.67 ± 0.15 0.42
C33S 18 17 0.60 34.3 ± 0.13 3.67 ± 0.29 0.77 ± 0.05 0.20
G049.48-00.36 19 23 39.82 14 31 05 12CS 18 32 0.60 61.2 ± 0.14 7.09 ± 0.01 96.13 ± 0.14 12.76
C34S 18 40 0.60 61.2 ± 0.11 6.86 ± 0.11 13.39 ± 0.18 1.84
13CS 18 14 0.60 61.2 ± 0.04 7.35 ± 0.09 5.43 ± 0.06 0.69
C33S 18 16 0.60 61.8 ± 0.10 8.44 ± 0.30 2.92 ± 0.08 0.32
G133.94+01.06 2 27 03.82 +61 52 25.20 12CS 18 22 0.60 -47.4 ± 0.00 5.94 ± 0.00 54.78 ± 0.08 8.67
C34S 18 53 0.60 -46.9 ± 0.03 4.59 ± 0.11 11.45 ± 0.22 2.34
13CS 18 20 0.60 -46.8 ± 0.03 4.20 ± 0.08 4.09 ± 0.06 0.92
C33S 18 22 0.60 -46.1 ± 0.10 4.69 ± 0.27 2.40 ± 0.11 0.48
G031.28+00.06 18 48 12.39 -01 26 30.70 12CS 38 25 0.60 109.3 ± 0.03 5.64 ± 0.04 25.10 ± 0.14 4.20
C34S 38 30 0.60 109.1 ± 0.03 4.38 ± 0.08 8.65 ± 0.13 1.86
13CS 38 13 0.60 109.1 ± 0.02 3.83 ± 0.05 3.34 ± 0.04 0.82
C33S 38 13 0.60 109.7 ± 0.07 3.90 ± 0.19 1.73 ± 0.07 0.42
G043.89-00.78 19 14 26.39 +09 22 36.50 12CS 18 24 0.60 53.3 ± 0.03 10.63 ± 0.08 17.73 ± 0.10 1.52
C34S 9 20 0.60 54.5 ± 0.08 4.63 ± 0.23 1.81 ± 0.07 0.37
13CS 18 16 0.60 54.9 ± 0.23 5.42 ± 0.58 0.61 ± 0.05 0.11
C33S 9 72 0.60 54.6 ± 0.84 10.45 ± 2.21 0.48 ± 0.08 0.04
G059.78+00.06 19 43 11.00 +23 44 03.30 12CS 18 23 0.60 22.7 ± 0.00 3.12 ± 0.01 28.42 ± 0.05 8.56
C34S 18 27 0.60 22.9 ± 0.02 2.46 ± 0.05 4.90 ± 0.07 1.87
13CS 18 15 0.60 22.9 ± 0.02 2.06 ± 0.04 1.83 ± 0.03 0.84
C33S 18 20 0.60 23.6 ± 0.06 2.25 ± 0.16 0.85 ± 0.05 0.35
Note—Column(1): Source name; column(2): Right ascension (J2000); column(3): Declination(J2000); column(4): Molecular species; column(5):
Integration time; column(6): The Root-Mean-Square (rms) noise value; column(7): Corresponding channel width; column(8): LSR velocity;
column(9): Linewidth (FWHM); column(10): Integrated line intensity; column(11): Peak Tmb value.
Table 3. Sulfur isotope ratios and CS, C34S and 13CS optical depths
Source DSun DGC
12C/13Ca τmax(
12CS)b τmax(
13CS)b τmax(C
34S)b 32S/34Sc 34S/33Sd Tk
(kpc) (kpc) (K)
G121.29+00.65 0.93 8.6 56 ± 12 3.4 0.059 0.155 22.7 ± 6.0 5.6 ± 0.7 25.6
G123.06-06.30 2.82 10 63 ± 13 2.5 0.039 0.115 21.0 ± 6.3 6.6 ± 1.0 21.8
G133.94+01.06 1.95 9.6 61 ± 12 4.7 0.076 0.211 23.5 ± 5.5 5.0 ± 0.4 28.0
21.6 ± 5.2e 4.8 ± 0.1e
G209.00-19.38 0.42 8.5 55 ± 11 2.0 0.035 0.104 20.2 ± 5.1 5.8 ± 0.5 36.2
G183.72-03.66 1.59 9.7 61 ± 13 1.7 0.028 0.118 28.4 ± 10.6 7.5 ± 1.7 21.2
G188.94+00.88 2.1 10.2 64 ± 13 2.5 0.038 0.124 20.7 ± 5.0 5.7 ± 0.5 28.6
G188.79+01.03 2.02 10.1 63 ± 13 3.6 0.057 0.196 20.1 ± 5.5 6.6 ± 1.1 29.3
G192.60-00.04 1.59 9.7 61 ± 13 6.0 0.097 0.292 21.6 ± 5.1 10.5 ± 0.9 32.3
Table 3 continued
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Table 3 (continued)
Source DSun DGC
12C/13Ca τmax(
12CS)b τmax(
13CS)b τmax(C
34S)b 32S/34Sc 34S/33Sd Tk
(kpc) (kpc) (K)
G236.81+01.98 3.36 10.4 65 ± 13 4.4 0.069 0.225 23.4 ± 9.6 3.5 ± 0.9 22.4
G005.88-00.39 2.99 5.2 38 ± 9 3.1 0.079 0.188 15.9 ± 4.3 6.0 ± 0.4 39.7
G009.62+00.19 5.15 3.2 28 ± 7 3.4 0.113 0.267 13.0 ± 3.9 4.8 ± 0.4 33.7
G010.62-00.38 4.95 3.4 29 ± 8 4.0 0.127 0.306 12.3 ± 3.5 5.2 ± 0.2 98.0
G012.88+00.48 2.5 5.7 41 ± 9 11.5 0.271 0.627 19.2 ± 5.4 4.8 ± 0.3 25.8
G012.68-00.18 2.4 5.8 41 ± 9 7.1 0.165 0.338 18.6 ± 5.6 5.5 ± 0.6 25.2
G011.91-00.61 3.37 4.9 37 ± 9 4.2 0.109 0.374 14.3 ± 4.9 3.7 ± 0.5 21.4
G012.80-00.20 2.92 5.3 39 ± 9 5.2 0.129 0.297 16.2 ± 3.9 5.5 ± 0.2 20.3
G012.90-00.26 2.45 5.8 41 ± 9 4.5 0.106 0.349 12.2 ± 3.8 8.6 ± 1.2 26.7
G013.87+00.28 3.94 4.4 34 ± 8 6.1 0.170 0.392 14.3 ± 4.3 4.6 ± 0.3 53.5
G011.49-01.48 1.25 6.9 47 ± 10 1.4 0.028 0.071 12.5 ± 6.0 1.7 ± 0.2 24.9
G014.33-00.64 1.12 7 47 ± 10 8.7 0.178 0.537 17.4 ± 4.7 5.6 ± 0.4 25.5
G014.63-00.57 1.83 6.4 44 ± 10 4.0 0.088 0.237 17.3 ± 6.1 4.5 ± 0.6 22.9
G016.58-00.05 3.58 4.8 36 ± 8 2.5 0.067 0.218 12.7 ± 4.1 6.0 ± 0.8 26.6
G023.43-00.18 5.88 3.6 30 ± 8 3.7 0.118 0.308 11.3 ± 3.7 5.6 ± 0.7
G027.36-00.16 8 3.8 31 ± 8 1.2 0.035 0.109 11.0 ± 3.6 4.7 ± 0.6 28.4
G028.86+00.06 7.41 3.9 32 ± 8 4.1 0.124 0.326 13.5 ± 4.1 6.1 ± 0.7 35.8
G029.86-00.04 6.21 4.1 33 ± 8 1.0 0.029 0.093 10.0 ± 3.4 8.1 ± 2.2 23.1
G029.95-00.01 5.26 4.4 34 ± 8 4.2 0.117 0.292 14.6 ± 4.0 5.7 ± 0.2 35.8
G031.28+00.06 4.27 5 37 ± 9 6.5 0.167 0.437 14.6 ± 4.0 6.3 ± 0.4 33.3
14.4 ± 3.7e 5.0 ± 0.1e
G031.58+00.07 4.9 4.7 36 ± 8 3.9 0.103 0.304 13.3 ± 4.3 5.7 ± 0.9 31.3
G032.04+00.05 5.18 4.6 35 ± 8 2.5 0.054 0.140 15.2 ± 5.4 8.8 ± 1.7 30.4
G034.39+00.22 1.56 6.9 47 ± 10 4.1 0.084 0.202 19.6 ± 5.4 9.0 ± 1.5 22.9
G035.02+00.34 2.33 6.4 44 ± 10 3.6 0.079 0.245 15.4 ± 4.8 5.4 ± 0.8 31.2
G037.43+01.51 1.88 6.7 46 ± 10 1.3 0.028 0.083 15.9 ± 4.8 7.8 ± 1.5 28.8
G035.19-00.74 2.19 6.5 45 ± 10 3.9 0.085 0.213 18.8 ± 4.8 5.3 ± 0.8 24.2
17.3 ± 5.7e 5.6 ± 0.2e
G035.20-01.73 3.27 5.8 41 ± 9 2.9 0.069 0.175 16.9 ± 4.4 6.4 ± 1.1 20.0
G043.16+00.01 11.1 7.6 50 ± 11 3.1 0.061 0.168 17.5 ± 4.8 4.5 ± 0.3 35.0
G043.79-00.12 6.02 5.6 40 ± 9 2.7 0.066 0.161 14.8 ± 4.3 5.1 ± 0.6 38.2
G045.07+00.13 8 6.2 43 ± 9 3.0 0.068 0.166 21.1 ± 6.2 6.9 ± 0.8 51.6
G045.45+00.05 8.4 6.4 44 ± 10 2.6 0.057 0.163 17.0 ± 5.3 5.8 ± 0.8 34.3
G043.89-00.78 8.26 6.1 43 ± 9 2.4 0.055 0.143 12.5 ± 4.5 5.7 ± 1.2 20.7
14.5 ± 5.0e 3.8 ± 0.5e
G048.60+00.02 10.75 8.1 53 ± 11 3.0 0.056 0.159 24.1 ± 7.0 5.1 ± 0.9 35.4
Table 3 continued
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Table 3 (continued)
Source DSun DGC
12C/13Ca τmax(
12CS)b τmax(
13CS)b τmax(C
34S)b 32S/34Sc 34S/33Sd Tk
(kpc) (kpc) (K)
G049.48-00.36 5.13 6.2 43 ± 9 2.4 0.055 0.145 17.4 ± 4.1 4.5 ± 0.1 42.9
17.6 ± 4.3e 4.6 ± 0.1e
G049.48-00.38 5.41 6.2 43 ± 9 4.2 0.094 0.230 19.4 ± 4.5 4.1 ± 0.1 30.0
G059.78+00.06 2.16 7.3 49 ± 10 4.1 0.081 0.241 19.9 ± 5.4 6.4 ± 0.7 22.1
18.3 ± 4.5e 5.8 ± 0.2e
G069.54-00.97 2.46 7.6 50 ± 11 3.6 0.069 0.169 16.5 ± 4.9 9.0 ± 1.0 24.7
G078.12+03.63 1.64 8 53 ± 11 0.3 0.004 0.017 16.0 ± 7.9 6.9 ± 1.5 23.1
G075.76+00.33 3.51 8 53 ± 11 3.3 0.063 0.182 17.5 ± 4.6 7.0 ± 0.5
G075.78+00.34 3.83 8.1 53 ± 11 3.3 0.062 0.206 17.9 ± 4.9 6.0 ± 0.5
G074.03-01.71 1.59 7.8 51 ± 11 3.3 0.061 0.182 23.3 ± 7.0 5.1 ± 0.9 18.0
G078.88+00.70 3.33 8.2 54 ± 11 1.5 0.029 0.109 15.5 ± 4.8 5.1 ± 0.4 45.2
G079.87+01.17 1.61 8 53 ± 11 2.6 0.048 0.136 20.3 ± 5.7 6.0 ± 0.6 36.9
G080.86+00.38 1.46 8 53 ± 11 1.5 0.027 0.087 17.5 ± 6.3 6.4 ± 1.0 32.1
G081.87+00.78 1.3 8.1 53 ± 11 3.3 0.063 0.180 18.3 ± 4.2 5.8 ± 0.6 20.9
G081.75+00.59 1.5 8.1 53 ± 11 3.5 0.065 0.219 16.5 ± 4.0 6.3 ± 0.4
G092.67+03.07 1.63 8.4 55 ± 11 1.5 0.028 0.103 15.8 ± 4.9 6.7 ± 0.6 28.9
G097.53+03.18 7.52 11.7 71 ± 14 4.3 0.061 0.161 23.1 ± 8.5 4.2 ± 0.8
G108.59+00.49 2.51 9.2 59 ± 12 1.2 0.020 0.069 16.3 ± 5.4 6.0 ± 1.8 25.0
G109.87+02.11 0.7 8.4 55 ± 11 2.2 0.040 0.134 15.9 ± 4.3 5.3 ± 0.8 29.9
G111.54+00.77 2.65 9.4 60 ± 12 3.4 0.056 0.150 22.5 ± 5.3 5.8 ± 0.6 30.8
G111.25-00.76 3.4 9.9 62 ± 13 2.3 0.037 0.098 33.8 ± 11.3 6.0 ± 2.3 27.7
SGRB2 7.75 0 12 ± 7 3.8 0.006 0.009 7.1 ± 4.1 4.6 ± 0.2 51.0
aThe 12C/13C ratios were calculated using equations (1) and (3), based on the recent measurements by Yan et al.
(2019)); the applied propagated error is σ = (1.12DGC(kpc)
2 + 6.62)1/2.
bThe estimated peak optical depths of 12CS, C34S and 13CS (see Eqs. 6, 7 and 8).
cThe 32S/34S isotope ratios from the integrated 13CS/C34S line intensity ratios and the 12C/13C isotope ratios (see
Eqs. 2).
dThe 34S/33S ratios are obtained from the integrated line intensity ratios of C34S and C33S J=2−1 (see Eqs. 4).
eResults from the IRAM 30-m telescope for comparison with the ARO 12-m data.
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Table 4. Estimated source sizes of those 6 sources with both ARO 12-m and IRAM 30-m observationsa
Source Beam size(ARO) Beam size(IRAM) Source size Source size Source size Source size
′′ ′′ ′′ ′′ ′′ ′′
CS J=2−1 C34S J=2−1 13CS J=2−1 C33S J=2−1
G035.19-00.74 63 25 107 ± 80 60 ± 29 62 ± 37 50 ± 28
G049.48-00.36 63 25 78 ± 40 82 ± 48 88 ± 56 71 ± 40
G133.94+01.06 63 25 79 ± 41 50 ± 21 49 ± 21 39 ± 18
G031.28+00.06 63 25 39 ± 14 29 ± 13 28 ± 13 24 ± 14
G043.89-00.78 63 25 94 ± 63 44 ± 23 66 ± 65 126 ± 88
G059.78+00.06 63 25 47 ± 17 40 ± 17 31 ± 15 32 ± 17
aNote that CS source sizes may be affected by optical depths beyond unity, while the C33S source sizes
are affected by lowest signal-to-noise ratios among the four isotopologues. Source size errors were
derived from error propagation including the nominal uncertainties in Tmb and a 15% uncertainty in
relative calibration.
Table 5. Average 32S/34S values between galactocentric distances of 6.5 kpc - 9.5 kpc calculated
by different sets of 12C/13C values from different molecules.
Molecules This work This work and Chin et al. 1996 This work and Chin et al. 1996a
7.6 kpcb 7.9 kpcb 7.8 kpcb
CNc 21.0 ± 4.5 (22.0 ± 4.9)e 21.9 ± 3.6 (22.3 ± 3.7) 21.7 ± 3.7 (22.3 ± 3.9)
C18Oc 21.7 ± 4.2 (22.5 ± 4.9) 22.8 ± 3.7 (23.1 ± 3.8) 22.5 ± 3.8 (23.0 ± 4.0)
H2CO
c 27.4 ± 5.7 (28.6 ± 6.1) 28.7 ± 4.7 (29.2 ± 4.9) 28.4 ± 4.8 (29.2 ± 5.0)
H2CO
d 18.3 ± 2.8 (19.1 ± 3.1) 19.1 ± 3.1 (19.4 ± 3.2) 18.9 ± 3.1 (19.4±3.3)
Note—The error represents the standard deviations of the mean.
aA subsample with τ(C34S) < 0.25.
bAverage galactocentric distance value.
cFrom Milam et al. (2005)
dFrom Yan et al. (2019)
eValues in parenthesis were adjusted to a galactocentric distance of 8.122 kpc by using the
gradients obtained from the respective entire sample of sources.
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Figure 1. Spectra showing detected J=2−1 lines of CS isotopologues, i.e. CS, C34S, 13CS and C33S, toward 61 sources
observed with the ARO 12-m telescope.
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Figure 2. ARO 12-m spectra towards those 34 sources, where not all four J=2−1 CS isotopologues were detected.
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Figure 3. IRAM 30-m and ARO 12-m 12C32S, 13C32S, 12C33S and 12C34S spectra of those six sources where we obtained
data from both telescopes.
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Figure 4. (a) 32S/34S and (b) 34S/33S ratios plotted against gas kinetic temperature. Red, blue and black dots represent
sources from different radial galactocentric bins (for 3 - 6, 6 - 9 and 9 - 12 kpc, respectively). No correlation is found between
gas kinetic temperature and sulfur isotope ratios.
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Figure 5. (a) I(C34S)/I(13CS) and (b) I(C34S)/I(C33S) as a function of I(CS)/I(C34S). No significant correlation is found
between these ratios, indicating that saturation of C34S and other even rarer CS isotopologues is not relevant for our sample.
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Figure 6. The excitation temperature is plotted against CS J = 2 - 1 optical depth, using different kinetic
temperatures (Tk) and particle densities (n(H2)). The plot shows that the excitation temperatures are only
slightly enhanced with increasing τCS as long as τCS is less than unity. However, the situation drastically changes
under optically thick conditions (τCS  1).
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Figure 7. (a) 32S/34S and (b) 34S/33S are plotted as a function of distance to the Galactic center DGC(kpc). The solar system
value is also given as  with the assumption that the solar distance to the Galactic center is 8.122 kpc (Gravity Collaboration
et al. 2018). The black dots are the values obtained from the ARO 12-m. The grey triangles represent the values measured by
Chin et al. (1996). A linear fit of the ratios from our work is plotted as a black solid line. The black dashed line was fitted from
Chin et al. (1996) in (a). As shown in (b), there is no apparent 34S/33S gradient as a function of galactocentric distance.
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Figure 8. 32S/34S ratios obtained from Chin et al. (1996) and our work with recent 12C/13C ratios from Yan
et al. (2019) are plotted as a function of distance to the Galactic center, DGC(kpc). A linear fit of the
32S/34S
ratios to all data is plotted as a black solid line. The red solid line was fitted including all data points except
the Galactic center value. The black dashed line represents the fitting results of our own data excluding the
Galactic center value.
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Figure 9. 32S/34S ratios obtained from Chin et al. (1996) and our work with τ(C34S) < 0.25 are plotted against the distance
to the Galactic center, DGC(kpc). A linear fit of the
32S/34S ratios toward these sources is plotted as a black solid line. The
red solid line was fitted from all data points without the Galactic center values.
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Figure 10. (a) 32S/34S and (b) 34S/33S isotope ratios plotted against the distance to the Sun. Red, blue and black dots
represent sources from different radial galactocentric bins (for 3 - 6, 6 - 9 and 9 - 12 kpc, respectively). No significant correlation
is found between isotope ratios and the distance to the Sun.
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Figure 11. 32S/34S ratios obtained from Chin et al. (1996) and our work with different sets of 12C/13C values,
taken from Milam et al. (2005) are plotted as a function of distance to the Galactic center, DGC(kpc). A linear
fit of the 32S/34S ratios to all data is plotted as a black solid line. The red solid line was fitted from all data
points without the Galactic center value. The black dashed line represents the fitting result based entirely on
our data excluding the Galactic center value. Plots (a), (b) and (c) show results with 12C/13C values derived
from old CN, C18O and H2CO data, respectively (Milam et al. 2005).
